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ABSTRACT
We present a systematic study of the density profiles of ΛCDM halos, focusing on the outer regions, 0.1 <
r/Rvir < 9. We show that the median and mean profiles of halo samples of a given peak height exhibit significant
deviations from the universal analytic profiles discussed previously in the literature, such as the Navarro-Frenk-
White and Einasto profiles, at radii r & 0.5R200m. In particular, at these radii the logarithmic slope of the median
density profiles of massive or rapidly accreting halos steepens more sharply than predicted. The steepest slope
of the profiles occurs at r ≈ R200m, and its absolute value increases with increasing peak height or mass accretion
rate, reaching slopes of −4 and steeper. Importantly, we find that the outermost density profiles at r & R200m
are remarkably self-similar when radii are rescaled by R200m. This self-similarity indicates that radii defined
with respect to the mean density are preferred for describing the structure and evolution of the outer profiles.
However, the inner density profiles are most self-similar when radii are rescaled by R200c. We propose a new
fitting formula that describes the median and mean profiles of halo samples selected by their peak height or
mass accretion rate with accuracy . 10% at all radii, redshifts and masses we studied, r . 9Rvir, 0 < z < 6
and Mvir > 1.7 × 1010 h−1M. We discuss observational signatures of the profile features described above, and
show that the steepening of the outer profile should be detectable in future weak-lensing analyses of massive
clusters. Such observations could be used to estimate the mass accretion rate of cluster halos.
Keywords: cosmology: theory - dark matter - methods: numerical
1. INTRODUCTION
Theoretical predictions for the structure of dark matter ha-
los forming in the cold dark matter (CDM) scenario play an
important role in the interpretation of observations. During
the past several decades, a significant effort has been made
to understand one of the most basic descriptions of this struc-
ture: the spherically averaged, radial density profiles resulting
from the gravitational collapse of perturbations in an expand-
ing universe. Gunn & Gott (1972) made an early prediction
for the density profile of collapsed halos based on the spheri-
cal top hat model. Subsequently, Fillmore & Goldreich (1984)
showed that the spherically symmetric radial collapse of a per-
turbation with an initial density profile δi ∝ r−γ results in a
power-law density profile, ρ ∝ r−g, where g = 2 for γ < 2 and
g = 3γ/(1 + γ) for γ ≥ 2. Thus, for example, secondary col-
lapse onto a preexisting point perturbation (δi ∝ r−3) results
in a ρ ∝ r−9/4 profile (cf. also, Gott 1975; Bertschinger 1985).
The collapse of peaks in the initial Gaussian density per-
turbation field is generally expected to be triaxial and signifi-
cantly more complicated than envisioned in the spherical col-
lapse model (e.g., Doroshkevich 1970; Bond & Myers 1996;
Bond et al. 1996), a picture confirmed by cosmological sim-
ulations (e.g., Klypin & Shandarin 1983; Miller 1983; Davis
et al. 1985). Early simulations of halos showed that their pro-
files were roughly consistent with isothermal profiles, ρ ∝ r−2,
required to explain the flat rotation curves of galaxies (Frenk
et al. 1988). Higher resolution simulations, however, showed
that in general profiles of halos forming in the hierarchical
structure scenario are not well described by a single power
law. Thus, Dubinski & Carlberg (1991) modeled the collapse
of individual halos in the CDM model and showed that the
Hernquist (1990) profile, in which the slope changes from −1
at small radii to −4 at large radii, provides a good descrip-
tion of the collapsed halos in their simulations. Navarro et al.
(1995, 1996, 1997, hereafter NFW, see also Cole & Lacey
1996) proposed a similar form of the density profile with an
inner asymptotic slope of −1 and an outer slope of −3. These
authors did not focus on the structure of the outer density pro-
file, however, and the outer slope was shown to exhibit sig-
nificant halo-to-halo scatter (Avila-Reese et al. 1999). Sub-
sequent studies have confirmed that the profiles of halos re-
sulting from the cold collapse of a wide variety of initial con-
ditions are described by profiles that gradually steepen with
increasing radius (e.g., Huss et al. 1999, for a recent the-
oretical explanation of this behavior see Lithwick & Dalal
2011). However, they showed that the profiles are more accu-
rately described by the Einasto (1965, 1969) functional form
(Navarro et al. 2004; Graham et al. 2006; Merritt et al. 2006;
Gao et al. 2008; Stadel et al. 2009; Navarro et al. 2010; Lud-
low et al. 2011).
The main focus of most of the studies of halo density pro-
files has been on the innermost regions (e.g., Moore et al.
1999; Navarro et al. 2004, 2010; Stadel et al. 2009), which are
critical for understanding the observed distribution of mass
within the visible regions of galaxies. The outer regions, how-
ever, are increasingly being probed by X-ray and Sunyaev–
Zel’dovich effect observations of clusters of galaxies (e.g.,
Reiprich et al. 2013) and weak-lensing analyses (e.g., Man-
delbaum et al. 2006; Umetsu et al. 2011). It is important to un-
derstand theoretical expectations for the outer density profiles
in order to interpret such observations properly. For example,
Becker & Kravtsov (2011) showed that typical cluster-sized
halos exhibit deviations from the NFW form, and that NFW
profile fits to shear profiles extended to large radii can result in
sizeable systematic bias in weak-lensing mass measurements
(see also Oguri & Hamana 2011). Although a number of re-
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Table 1
N-body Simulations
Box L( h−1Mpc) N3 mp( h−1M) ( h−1kpc) /(L/N)
L1000 1000 10243 7.0 × 1010 33.0 1/30
L0500 500 10243 8.7 × 109 14.0 1/35
L0250 250 10243 1.1 × 109 5.8 1/42
L0125 125 10243 1.4 × 108 2.4 1/51
L0063 62.5 10243 1.7 × 107 1.0 1/60
Note. — Numerical parameters of the five N-body simulations used
in this paper. L denotes the box size, N3 the number of particles, mp the
particle mass, and  the force softening. All simulations were started at
an initial redshift of 49, and run with a GADGET2 timestep parameter of
η = 0.025.
cent studies have considered the overall shape of the density
profiles at large radii (Prada et al. 2006; Betancort-Rijo et al.
2006; Tavio et al. 2008; Cuesta et al. 2008; Oguri & Hamana
2011) and proposed analytic profiles to describe them, it is not
yet clear whether the shape is universal for halos in different
stages of their evolution.
In this paper, we present a systematic study of the outer den-
sity profiles of halos, focusing specifically on the dependence
of the profiles on the evolutionary stage of halos and their
mass accretion rate. We report significant deviations from
previously proposed fitting formulae at radii r & 0.5R200m.
Specifically, we show that halos that rapidly accrete mass ex-
hibit a sharp steepening of their profile slope at r & 0.5R200m,
with the maximum absolute value of the slope increasing with
increasing mass accretion rate. We propose a new fitting for-
mula that accounts for this behavior and report best-fit param-
eters for the outer profiles as a function of halo peak height
and mass accretion rate.
The paper is organized as follows. In Section 2 we describe
the numerical simulations used as well as the selection criteria
and relevant definitions of mass, radius, and other quantities.
In Section 3 we present our main results, while in Section 4
we discuss their interpretation and implications for observa-
tional analyses. Finally, we summarize our main results and
conclusions in Section 5.
2. NUMERICAL SIMULATIONS AND METHODS
In this section we describe the cosmological simulations
used in our study, halo identification and construction of the
halo density profiles, and the relevant mass and radius defini-
tions.
2.1. Cosmological N-body Simulations
To investigate halos across a wide range of masses and
redshifts, we use a suite of dissipationless ΛCDM simula-
tions of different box sizes (Table 1). The largest simulation,
L1000, was introduced in Diemer et al. (2013a). All simula-
tions use the same cosmological parameters, initial redshift,
and number of particles. We adopt the cosmological param-
eters of the Bolshoi simulation (Klypin et al. 2011): a flat
ΛCDM model with Ωm = 1 − ΩΛ = 0.27, Ωb = 0.0469,
h = H0/(100 km s−1 Mpc−1) = 0.7, σ8 = 0.82 and ns = 0.95.
These parameters are compatible with constraints from a com-
bination of WMAP5, baryon acoustic oscillations and Type Ia
supernovae (Komatsu et al. 2011; Jarosik et al. 2011), X-Ray
cluster abundance evolution (Vikhlinin et al. 2009), and obser-
vations of the clustering of galaxies and galaxy–galaxy/cluster
weak lensing (see, e.g., Tinker et al. 2012; Cacciato et al.
2013). The same cosmology was used for all calculations in
this paper, such as peak height. The initial conditions for the
simulations were generated using a second-order Lagrangian
perturbation theory code (2LPTic; Crocce et al. 2006). The
simulations were started at redshift z = 49, which has been
shown to be sufficiently high to avoid transient effects (Crocce
et al. 2006). The simulations were run using the publicly
available code Gadget2 (Springel 2005). Each run followed
10243 dark matter particles, corresponding to particle masses
between 1.7 × 107 h−1M and 7.0 × 1010 h−1M (Table 1).
Given that we focus on the outer density profile, we set the
force resolution in such a way that the smallest halos that can
be used for profile analysis are sufficiently resolved. Specif-
ically, we set the force softening to a quarter of the scale
radius expected for a halo with Mvir = 1000mp, using the
concentration–mass relation of Zhao et al. (2009). According
to this criterion, a force softening of  ≈ 1/30 × L/N is ap-
propriate for large box sizes such as 1 h−1Gpc, while for the
smallest box  ≈ 1/60 × L/N.
2.2. Halo Samples and Resolution Limits
We used the phase–space–based halo finder Rockstar
(Behroozi et al. 2013a) to extract all isolated halos and sub-
halos from the 100 snapshots of each simulation. A halo is
deemed to be isolated if its center does not lie inside Rvir
of another, larger halo, where Rvir is the radius enclosing the
“virial” overdensity implied by the spherical collapse model
(Bryan & Norman 1998). We derived merger trees from
the halo catalogs using the code of Behroozi et al. (2013b).
Whenever we refer to the progenitor of a halo, we mean the
halo along its most massive progenitor branch at each red-
shift. We use the merger trees to identify halos with recent
major mergers and to estimate the mass accretion rates using
the masses of the main progenitors over a particular redshift
interval.
We extracted spherically averaged density profiles of halos
in 80 logarithmically spaced bins between 0.05Rvir and 10Rvir.
We are agnostic as to which of the simulations in Table 1 a
halo profile originated from, and instead we combine all pro-
files in order to access a large range of masses and redshifts.
As a check, we compared the density profiles to a set that was
extracted from the Bolshoi simulation (Klypin et al. 2011) us-
ing a different code and found excellent agreement. Further-
more, we only consider isolated halos, as the density profiles
of subhalos often contain a dominant contribution from their
host halo. We do not, however, attempt to remove the contri-
bution of subhalos to the density profiles of their host halos,
because it is often ambiguous whether a particle belongs to
the host or subhalo, and because such a procedure cannot be
replicated in observations.
Any N-body simulation has limited mass and force reso-
lution, and these limitations need to be taken into account
when analyzing the structure of halos. We test for resolution
effects by comparing halo samples of the same mass range
from different simulation boxes (corresponding to different
mass and force resolutions; see Table 1). We find that the
mean and median profiles of halos with Np ≥ 1000 particles
within Rvir differ by less than 5% for the entire radial range
0.1Rvir < r < 9Rvir, with a typical difference of ≈ 3% at
most radii. The differences are random and do not exhibit any
systematic trend with mass or redshift for all masses and red-
shifts used in our analyses. Given that the simulations were
started from different initial conditions, the mean and median
profiles of halos of the same mass may differ somewhat due
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Figure 1. Virial mass of halos as a function of their peak height, ν, at different
redshifts. The circles mark the edges of the ν bins used in our analyses. The
gray shaded area at the bottom indicates the mass range beyond the resolution
limit of our simulations (1000mp in the smallest simulation box, or 1.7 ×
1010 h−1M).
to sample variance or Poisson fluctuations. Such random dif-
ferences can therefore be expected and are sufficiently small
not to affect our conclusions.
We conclude that the profiles of halos with Np ≥ 1000 par-
ticles within Rvir have converged to better than 5% in the ra-
dial range 0.1Rvir < r < 9Rvir, and we adopt Np = 1000 as
the lower limit for our halo samples, corresponding to a mass
limit of Mvir ≥ 1.7 × 1010 h−1M in the smallest simulation
box. The limit was relaxed to Np = 200 for the progenitors
of halos that were used to estimate the mass accretion rate.
The profiles of these progenitor halos were not used for any
analyses, however.
2.3. Mass and Radius Definitions
Throughout the paper, we denote the three-dimensional
halo-centric radius as r, reserving capital R for specific radii
used to define halo mass. We denote the mean matter den-
sity of the universe ρm, and the critical density ρc. Spher-
ical overdensity mass definitions referring to ρm or ρc are
understood to have a fixed overdensity ∆, and are denoted
M∆m = M(< R∆m), such as M200m, or M∆c = M(< R∆c), such
as M200c. The labels Mvir and Rvir are reserved for a vary-
ing overdensity ∆(z) with respect to the matter density, where
∆vir(z = 0) ≈ 358 and ∆vir(z > 2) ≈ 180 for the cosmology
assumed in this paper (e.g., Bryan & Norman 1998).
We bin halos by peak height, ν, rather than mass, because
halo properties are expected to be similar across redshifts for
a fixed value of ν. The peak height is defined as
ν ≡ δc
σ(M, z)
=
δc
σ(M, z = 0) × D+(z) , (1)
where δc = 1.686 is the critical overdensity for collapse de-
rived from the spherical top hat collapse model (Gunn & Gott
1972, we ignore a weak dependence of δc on cosmology and
redshift), and D+(z) is the linear growth factor normalized to
unity at z = 0. Here σ is the rms density fluctuation in a
sphere of radius R,
σ2(R) =
1
2pi2
∫ ∞
0
k2P(k)|W˜(kR)|2dk (2)
where W˜(kR) is the Fourier transform of the spherical top hat
filter function, and P(k) is the linear power spectrum. We ap-
proximate P(k) using the formula of Eisenstein & Hu (1998),
normalized such that σ(8 h−1Mpc) = σ8 = 0.82. The vari-
ance of a certain mass is defined as σ(M) = σ(R[M]) where
M = (4pi/3)ρm(z = 0)R3. To compute ν we use M = Mvir.
Figure 1 shows the halo masses corresponding to the peak
height bins used in this paper. We note that by splitting halo
samples into equal bins in peak height we emphasize large
halo masses. We use Rvir to translate halo masses into peak
heights, as it corresponds to the largest radius where the scat-
ter in the density profiles of a given mass is still relatively
small, whereas scatter quickly increases at r & Rvir (see Fig-
ure 2). For the same reason, we use Rvir rather than R200m
when we estimate the mass accretion rate between two red-
shifts (see Section 3). We have verified that the choice of mass
definition does not qualitatively influence our results and con-
clusions.
2.4. Other Numerical Aspects
Whenever we show the mean or median profiles in rescaled
radial units, such as r/R∆, we first rescale each individual halo
profile using the halo’s R∆, and then construct the mean and
median from the rescaled profiles. We compute the slope pro-
files using the fourth-order Savitzky–Golay smoothing algo-
rithm over the 15 nearest bins (Savitzky & Golay 1964). This
algorithm is designed to smooth out noise in the profiles with-
out affecting the actual values of the slope. We found 15 bins
to be the optimal window size to smooth out random fluctu-
ations without introducing artificial steepening or other fea-
tures compared to the unsmoothed slope profile. Due to this
large window size, the method fails for the seven innermost
and outermost bins, where we replace it with the algorithm
described in the Appendix of Churazov et al. (2010).
All functional fits are performed using the Levenberg-
Marquart minimization algorithm. The merit function that is
minimized is the sum of the square differences in units of r2ρ
rather than just ρ, as the numerical value of ρ decreases by
many orders of magnitude between the inner and outer radii.
The r2ρ metric provides a more balanced indicator of good-
ness of fit across the radial range we are fitting. We exclude
the outer radii (r > 0.5Rvir) when fitting functions that are not
designed to fit the outer halo profile, for example, the NFW
and Einasto profiles. If larger radii are included in the fit, the
shapes of the outer profiles drag the fit away from the values
suggested by the central region. Due to the potential force
resolution issues discussed in Section 2.2, we do not attempt
to fit for both the scale radius and steepness parameter α of
the Einasto profile. Instead, we use the relation of Gao et al.
(2008) to fix α as a function of ν.
In this paper, we use median profiles for most of our analy-
ses. The median profile is an approximation of the most typi-
cal profile for a given halo sample, and is thus well suited for
studying trends in the density profiles. However, for certain
purposes, the mean profile may be more applicable. For ex-
ample, in weak-lensing analyses using stacked shear maps of
many galaxies or galaxy clusters, the derived density profile
may correspond more closely to the mean profile of a sample.
Our conclusions described below hold for the mean density
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Figure 2. Median density profiles of low-mass (top left panel) and very massive (top right panel) halos at z = 0. The shaded bands show the interval around the
median that contains 68% of the individual halo profiles in the corresponding ν bin. The plots include somewhat smaller radii for the high-ν sample compared to
the low-ν sample due to the different resolution limits of the simulations from which the profiles were extracted. The shapes of the high- and low-mass profiles are
noticeably different: the slope of the high-ν profile steepens sharply at r & 0.5Rvir, while the profile of the low-ν sample changes slope gradually until r ≈ 1.5Rvir,
where the profiles of both samples flatten significantly. The sharp steepening of the outer profile of the high-ν sample cannot be described by the NFW or Einasto
profiles, as is evident in the bottom panels. The bottom panels show the logarithmic slope profile of the median density profiles in the top panels, as well as the
corresponding slope profiles for the best-fit NFW (dot-dashed) and Einasto (dashed) profiles. To avoid crowding, we only show the NFW and Einasto fits in the
bottom panels where the differences can be seen more clearly. The vertical arrows indicate the position of various radius definitions, evaluated for the median
mass profile.
profiles as well, and the fitting formula we devise in Section
3.3 is valid for both the median and mean profiles.
3. RESULTS
We use the simulations and halo samples described in the
previous section to construct the median and mean density
profiles of halos binned by peak height, redshift, and mass
accretion rate. In this section, we explore the variation of the
profiles with these properties.
3.1. Density Profiles as a Function of Peak Height
Figure 2 shows the median density profiles at z = 0 of
two halo samples representing extremes of the range of halo
peak heights, and the corresponding profiles of the logarith-
mic slope, γ(r) ≡ d log ρ/d log r. The low-mass sample (left
panels) corresponds to the peak height range of 0.5 < ν < 0.7
(see Figure 1 for the respective mass range), while the high-
mass sample corresponds to ν > 3.5. We also show the in-
terval containing 68% of the individual profiles with a shaded
band.
It is clear that the profiles of the two samples in Figure 2
are quite different. The median profile of the low-ν sample
has a slowly changing slope out to r >∼ Rvir and large scatter
around the flattening at larger radii. The high-ν sample, on
the other hand, has a sharply steepening profile at r & 0.5Rvir
with the slope changing from −2 to −4 over a range of only
≈ 4 in radius, as can be seen in the slope profiles (bottom
panels). For comparison, the slope of an NFW profile is ex-
pected to change by only ≈ 0.6 over the same radial range for
typical concentrations. The slope profiles show that although
the NFW and Einasto profiles provide a reasonable descrip-
tion to the profiles of the low-ν sample out to r ≈ Rvir, they
fail to describe the rapid steepening of the slope in the high-ν
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Figure 3. Self-similarity of the redshift evolution of density profiles. The top left panel shows the redshift evolution of the median density profiles of the highest
peak halos, ν > 3.5, as a function of proper radius (the results for lower-ν halos are similar). The rest of the panels show the same profiles as the top left panel,
but rescaled by R200c, Rvir, and R200m, with density rescaled correspondingly by ρc, ρvir, and ρm. The plots demonstrate that the structure of halos of a given ν is
nearly self-similar when rescaled by any R∆. However, they also reveal that the inner structure of halos is most self-similar when radii and densities are rescaled
by R200c and ρc, while the outer profiles are most self-similar when rescaled by R200m and ρm. See also Figure 4 where we show the slope profiles of the scaled
profiles.
sample. Clearly, the functional form of the high-ν profiles dif-
fers from the fit at large radii, implying that the outer density
profiles of halos cannot be universally described by a single
NFW or Einasto profile. We note that these fitting functions
were not designed to match profiles outside r ≈ Rvir, but the
deviations from the NFW and Einasto profiles in high-ν ha-
los begin at smaller radii, r ≈ 0.5Rvir (see also Meneghetti
& Rasia 2013; Balme`s et al. 2014). In Section 3.3 and the
Appendix we present a more flexible functional form that can
describe the profiles of halos of different peak heights.
We note that the profiles of both the low-ν and high-ν sam-
ples flatten to a slope of ≈ −1 at r & 2Rvir, as the profile ap-
proaches the 2-halo term of the halo–matter correlation func-
tion (see, e.g., Hayashi & White 2008). However, the scat-
ter around the median profiles is much larger for low-ν halos,
even though such halos form earlier and are thus more relaxed
on average. The reason for the increased scatter is that some
of the low-ν halos are located in crowded environments near
massive neighbors, while others are relatively isolated. High-
ν halos are massive and rare, and their environments are much
more uniform.
Figure 2 shows the profiles of a given ν bin only at z = 0.
However, we can in general expect that profiles of halos of a
given ν are self-similar in shape, as long as the density and
radii are properly rescaled. However, it is not clear a priori
what radii and characteristic densities should be used for such
rescaling, leading us to investigate several choices.
The top left panel of Figure 3 shows a sequence of pro-
files of the highest-ν bin at different redshifts in proper units
(physical density and radius). We stress that we compare the
median profiles of halos of similar peak heights, not the pro-
files of progenitor and descendant halos. The peak height bin
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Figure 4. Slope profiles of the three ν bins shown in Figure 5, at different redshifts. The left panels refer to the ν > 3.5 sample shown in Figure 3. For the lower-ν
bins (center and right panels), fewer redshift bins are accessible with our simulations. In the top panels radii are rescaled by R200m, in the bottom panels by R200c.
The slope profiles confirm the results of Figure 3 that the outer profiles at r & R200m are most self-similar when radii are rescaled by R200m, with the steepest
slope reached at r ≈ R200m regardless of redshift. The inner profiles at r . 0.6R200c, however, are most self-similar when rescaled by R200c. We note that at z & 2
the difference between R200m and R200c becomes negligible. The 2 < ν < 2.5 bin at z = 4 (lightest red line in the center panels) exhibits a slightly different shape
than the other redshift bins, possibly due to sample variance as almost all halos in this bin originate from the smallest simulation box, L0063.
ν > 3.5 corresponds to halos of very different mass at dif-
ferent redshifts, from Mvir > 1.4 × 1015 h−1M at z = 0 to
Mvir > 1.5 × 1011 h−1M at z = 6 (see Figure 1). Their
virial radii span over two orders of magnitude over this red-
shift interval. The other panels of Figure 3 show the same
profiles, but rescaled by R200c, Rvir, and R200m, with the densi-
ties rescaled correspondingly by ρc, ρvir, and ρm. These panels
demonstrate that the structure of halos of a given ν is nearly
self-similar when rescaled by any R∆ in a reasonable range.
However, they also reveal that the inner structure of halos is
most self-similar when radii and densities are rescaled by ρc
and R200c, while the outer profiles are most self-similar when
rescaled by R200m and ρm. A scaling with ρvir and Rvir pro-
duces intermediate results.
The degree of self-similarity can be assessed more robustly
in profiles of the logarithmic slope, which show particularly
clearly at which radii the profiles undergo rapid changes in
slope. Figure 4 shows the slope profiles for three ν bins,
rescaled by R200m (top row) and R200c (bottom row). The sharp
steepening of the profile and subsequent sharp flattening oc-
cur at the same radii in units of R200m, and the radius of the
steepest slope occurs at ≈ 1 − 1.2R200m for all ν and redshifts.
At r < R200m, however, the slopes of the profiles at a given
r/R200m vary for different ν and z. The opposite is true when
the densities and radii are rescaled by ρc and R200c. In partic-
ular, at r . 0.8 − 1R200c, the slopes at a given r/R200c agree
for halos of the same ν at different z. Although the shapes
of the low-ν and high-ν profiles are different, with the former
exhibiting a slower change of slope, they exhibit a similarly
remarkable degree of uniformity at r > R200m when rescaled
by R200m, and at r < R200c when rescaled by R200c.
Our results thus lead to the conclusion that the inner, most
relaxed regions of halo profiles are self-similar in units of
r/R200c, while the outer profiles are self-similar in units of
r/R200m. This conclusion would of course hold for any ra-
dius definition using a fixed overdensity relative to the mean
and critical density within a reasonable range of overdensi-
ties. This observation implies that the concentration of halos
should be more universal as a function of ν when one uses
a radius definition tied to the critical density. On the other
hand, for modeling the transition radius between the 1-halo
and 2-halo terms in the halo model, the use of radii tied to the
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Figure 5. Median density profiles (top panel) and their logarithmic slopes
(bottom panel) for various bins in peak height, ν, at z = 0. For clarity, the
density is plotted in units of ρr2, which makes it easier to see differences
between profiles. The ν bins range from small peaks (ν = 0.5, Mvir = 1.4 ×
1010 h−1M) to rare peaks (ν > 3.5, Mvir > 1.4 × 1015 h−1M). The steepest
slope of the profiles increases with peak height, but all profiles of samples
with ν > 1 reach slopes steeper than −3.
mean density may be preferable. Given that we focus on the
outer profiles in this study, we will scale the profiles at differ-
ent redshifts using ρm and R200m in the subsequent analyses.
We further discuss the self-similarity of the profiles in Section
4.2.
Finally, we investigate whether the shape of the profiles fol-
lows a continuous function of peak height, as indicated by
the trend with ν in Figure 4. Figure 5 shows the density
profiles (in units of ρ(r)r2 to minimize the dynamic range)
and corresponding slope profiles for a range of peak heights
spanning five orders of magnitude in mass. As the peak
height increases, the slope of the profiles becomes shallower
at r . 0.5Rvir, but steeper at 0.5 . r . 1.5R200m. At
r & 1.5R200m the profiles are remarkably self-similar for halos
of different ν when rescaled using R200m.
Although the shape of the median profiles follows a contin-
uous trend with ν, the scatter of the individual profiles around
the median of each ν sample is substantial. Figure 6 shows the
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Figure 6. Distribution of the logarithmic slope γ ≡ d log ρ/d log r at R200m,
for three bins in peak height. The slope is measured for about 3000 individual
halo profiles in the lower-ν bins, and about 220 in the highest-ν bin. The
slopes span a wide range: some halos have outer slopes as steep as −6 or
−7, while other halos have flat or even positive slopes. The latter halos likely
have nearby massive neighbors, while the former halos accrete mass at a high
rate, as we will show in Section 3.2.
distribution of slopes at R200m for three of the ν bins shown
in Figure 5. The distributions are quite broad, with particu-
larly long tails toward shallower, or even positive, slopes. On
the other hand, the tails toward very steep slopes indicate that
the steepening demonstrated in Figure 5 can actually be even
more pronounced for individual halos, as many halos have
slopes significantly steeper than γ ≈ −4. We have verified
this observation by examining individual profiles. The radii
of the steepest slope, however, do not exactly overlap, and are
thus smoothed out in the median profiles.
Figure 6 also demonstrates why we chose to investigate the
median rather than mean profiles in this section. The distri-
butions of slopes are not symmetric and have long tails that
strongly influence the mean, but not the median. Furthermore,
we find that the mean and median of the slope distribution can
differ from the slope of the mean and median profile. We will
return to this issue when considering individual halo profiles
in Section 4.3.
A similarly large scatter in the outer profiles was reported
by Prada et al. (2006), who also showed that the mean outer
profile depends on how subhalos are excluded from the sam-
ple. For example, if one uses a larger radius to define the halo
boundary and define subhalos, this lowers the averaged outer
profile of the isolated halo sample because it lowers the frac-
tion of halos located right next to a larger, isolated halo.
3.2. Dependence on the Mass Accretion Rate
In the previous section, we showed that the outer profiles
of halos exhibit systematic variations, with their logarithmic
slope at r ≈ 0.5 − 1R200m becoming steeper with increasing
peak height, independent of redshift. To understand the origin
of this trend we must seek the corresponding physical prop-
erty of halos that shapes the profiles. One of the most salient
differences between halos of different peak height is the de-
gree to which they dominate their environment, and are capa-
ble of accreting matter. To this end, we examine the median
profiles of halos binned by their mass accretion rate, which
we define as
Γ ≡ ∆ log(Mvir)/∆ log(a), (3)
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Figure 7. Dependence of the slope profiles on the mass accretion rate and
occurrence of a recent major merger. In both panels, the red line shows the
median density profile of all halos in the peak height range 1.5 < ν < 2 at
z = 0, previously shown in Figure 5. In the top panel, the sample is fur-
ther split by accretion rate, measured as the logarithmic change in halo mass,
Γ ≡ ∆ log(Mvir)/∆ log(a), with differences evaluated for the main progenitor
and descendant halo at z = 0.5 and z = 0. Halos with high mass accretion
rates exhibit very different median profiles compared to their slowly accret-
ing counterparts. The bottom panel shows the same samples, but with the
additional condition that the halos have not undergone a major merger since
z = 0.5. The profiles are very similar to those in the top panel, which demon-
strates that systematic deviations in the shape of the outer profile correlate
with the overall mass accretion rate rather than a sharp increase of mass due
to a recent major merger.
using the masses of the main progenitor at z = 0.5 and its de-
scendant at z = 0. We note that halo masses change both due
to actual physical accretion and due to changes of the refer-
ence density with respect to which the halo radius is defined.
The accretion rate Γ is thus the sum of the real physical accre-
tion and the so-called pseudo-evolution of mass (Diemer et al.
2013b). However, for our current purposes we are interested
not in the absolute value of the accretion rate but in its rela-
tive differences between halos. The contribution to Γ due to
pseudo-evolution is similar for all halos independent of mass,
meaning that a higher Γ still implies a higher rate of physi-
cal accretion. Thus, the simple definition of Γ in Equation (3)
is sufficient for our purposes. We have verified that using an
1 2 3 4
ν
0
1
2
3
Γ
Mean
68% interval
Figure 8. Mean mass accretion rate, Γ, as a function of peak height, ν. The
shaded contour indicates the uncertainty on the mean, whereas the dashed
lines show the 68% interval. The median Γ is slightly lower than the mean
at all ν. The dependence of Γ on ν explains why high-ν halo samples have
similar profiles as samples selected by a high accretion rate (Figures 5 and 7).
estimate of the physical accretion (based on the minimum es-
timator of pseudo-evolution defined in Diemer et al. 2013b)
leads to qualitatively similar results.
The top panel of Figure 7 shows the median profile of the
1.5 < ν < 2 halo sample at z = 0. This sample is further
split by the accretion rate of halos, Γ, as indicated in the leg-
end. The figure shows a strikingly clear correlation between
mass accretion rate and the steepness of the median outer pro-
file: rapidly accreting halos exhibit steepest slopes as steep
as those observed in the highest-ν bin in Figure 5, whereas
slowly accreting halos reach slopes comparable to those of
the median profile of the overall ν sample. We can also see
that the radius at which the steepest slope is reached decreases
with increasing accretion rate, although the variation occurs in
a rather narrow range around R200m. These differences demon-
strate that the median profiles for a given range of ν are not
representative of all halos in that range. Instead, the outer pro-
files depend on the mass accretion rate. The correlation of the
profile shape with ν is secondary and arises because higher-ν
halos tend to dominate their environment and thus generally
have larger mass accretion rates, as shown in Figure 8.
Furthermore, the bottom panel of Figure 7 shows the same
halo samples as the top panel but excluding halos that under-
went a major merger after z = 0.5. We have checked that only
excluding major mergers after z = 0.25 leads to very similar
results. A major merger here is defined as a merger of halos
with mass ratio larger than 0.3. It is clear that the profiles in
the two panels are very similar. In fact, the profiles of ha-
los without major mergers reach somewhat steeper slopes at
r ≈ R200m, which may be due to variations in the outer pro-
files produced by mergers that smooth out features in the me-
dian profile. The similarity of the samples with and without
major mergers implies that the primary factor in defining the
shape of the outer profiles is mass accretion rate, rather than
major mergers. In an additional experiment, we verified that
selecting halos by the time of their last major merger does not
preferentially select profiles with steep outer slopes.
These results highlight an important point: significant
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Figure 9. Median radial velocity profiles of halos. Top panel: profiles of the
same ν bins as in Figure 5, at z = 0. As expected, the high-ν bins have much
higher infall velocities, even when rescaled by their v200m. Bottom panel:
halos from the 1.5 < ν < 2 bin, split according to their accretion rate as in
the top panel of Figure 7, with the red line showing the median profile of the
entire 1.5 < ν < 2.0 sample. The radius where the infall velocity is most
negative shows a similar evolution with Γ as the radius of the steepest slope
in Figure 7.
growth of halos, in particular in observational analyses of
groups and clusters, is often identified with apparent distur-
bances, such as asymmetries, substructure, deviations from
hydrostatic equilibrium, etc. However, real halos grow by
a combination of major mergers and the accretion of many
low-mass halos. The latter mode of accretion actually domi-
nates at most epochs. An object that appears quite relaxed in
its inner regions can thus still be in the process of accreting
mass at a high rate because the accretion of many small halos
from different directions will not produce strong disturbances
typically associated with unrelaxed clusters, for example.
Additional evidence for the connection between the mass
accretion rate and the shape of the outer density profiles is
provided by the infall velocity profiles of halos. The top
panel of Figure 9 shows the median radial velocity profiles
of the same ν bins as in Figure 5, rescaled by v200m ≡
(GM200m/R200m)1/2. As could be expected, the high-ν halos
have much more negative (corresponding to infall) average ra-
dial velocities than low-ν halos, even when rescaled to v200m.
In fact, the lowest-ν bin appears to experience no average in-
fall in any radial shell (see also Diemand et al. 2007; Cuesta
et al. 2008). The bottom panel of Figure 9 shows the velocity
profiles of the same 1.5 < ν < 2 sample as in Figure 7, again
split by the mass accretion rate, Γ. It is clear that for a given
mass the halos with the highest Γ have a more pronounced
infall region compared to the low-Γ halos. Interestingly, the
maximum infall velocity is reached at radii about a factor of
1.5 larger than the radius where the profiles reach their steep-
est slope. The latter radius appears to correspond to the radius
where the median radial infall velocity approaches zero. Fur-
thermore, the radius of the largest infall velocity shows a sim-
ilar dependence on Γ as the radius where the profiles reach the
steepest slope (compare the bottom panels of Figures 7 and 9).
Finally, Figure 10 shows the median profiles of halos of
different peak heights but with a similar accretion rate Γ. The
highest-ν bin is omitted as it contains too few halos to be split
into subsamples. The figure shows that the profiles of halos
with a given accretion rate show little variation with ν, except
for those samples with the lowest accretion rates and peak
heights. For these samples, a significant fraction of systems
are located next to bigger systems, and their profiles thus do
not reflect the intrinsic shape of the halo profile itself but the
contribution from the profiles of their massive neighbors. On
the other hand, the higher-ν systems are relatively isolated on
average, and the profiles of halos with ν > 1.5 are independent
of ν for a given range in Γ.
The results presented in this section clearly demonstrate
that the outer (0.5 . r/R200m . 2) density profiles of ha-
los forming in the ΛCDM cosmology depend on the halo’s
mass accretion rate. The profiles are sensitive to the overall
mass accretion rate rather than the mass accreted via major
mergers. This result opens an interesting possibility of using
observational signatures of the mass distribution in galaxies,
groups, and clusters to estimate their mass accretion rate (see
the discussion in Section 4.3).
3.3. Fitting Formula
Several analytic fitting formulae for the outer halo density
profiles have been proposed in the recent literature (Prada
et al. 2006; Tavio et al. 2008; Hayashi & White 2008; Oguri
& Hamana 2011). However, we find that these forms are not
sufficiently flexible to accurately fit the variations of the outer
profiles discussed in the previous sections (see Appendix A.1
and Figure 15). Thus, we developed a new fitting formula to
account for the trends and features we observe,
ρ(r) = ρinner × ftrans + ρouter
ρinner = ρEinasto = ρs exp
(
− 2
α
[(
r
rs
)α
− 1
])
ftrans =
1 + ( rrt
)β−
γ
β
ρouter = ρm
[
be
(
r
5 R200m
)−se
+ 1
]
. (4)
The inner part of the halo is described by the Einasto profile,
which is characterized by three parameters. The transition
term, ftrans, captures the steepening of the profile around a
truncation radius, rt. The parameters γ and β define the steep-
ness of the profile at r ∼ R200m and how quickly the slope
changes, respectively. Finally, the outermost profile is de-
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Figure 10. Median slope profiles of halo samples with different mass accretion rates Γ = ∆ log(Mvir)/∆ log(a); each range of Γ is further split into subsamples of
different ν. The figure shows that for ν & 1.5 the profiles at a given Γ become more or less independent of ν. This independence illustrates that the primary cause
of the variation in the shape of the outer profiles is a variation in the mass accretion rate. The profiles of the ν < 1.5 halos do show some residual dependence on
ν, which we attribute to environment variations around halos of lower peak heights.
scribed by a power law, plus the mean density of the universe,
ρm. Our choice of the pivot radius at 5R200m is somewhat ar-
bitrary, but we have checked that our results are not sensitive
to the exact choice in the range of 1 − 5R200m. Profiles with
a power law that decreases with radius (se > 0) approach ρm
at sufficiently large radii. Note, however, that the power-law
function is only a convenient approximation for the range of
radii we are considering here. At larger radii, the profile is not
expected to follow a power law, or to reach the mean density
until much larger radii. Instead, the profile at r & 9Rvir will
follow a shape proportional to the matter correlation function.
We discuss alternative ways to parameterize the outer profile
based on the 2-halo term in Appendix A.2. For the purposes
of describing the profiles at radii Rvir . r < 9Rvir, we find that
a simple power law is accurate, and therefore we adopt it as
our fiducial choice due to its relative simplicity.
We first consider the trends of the best-fit parameters as a
function of peak height, ν. When varying all eight of the free
parameters in Equation (4), the analytic profile fits both the
mean and median profiles as a function of ν, for all peak
height bins considered in this paper, at all redshifts up to
z = 6, and at radii between 0.1Rvir and 9Rvir, with fractional
errors of . 5%.
However, we note that some of the parameters are corre-
lated, indicating that the number of free parameters can be
reduced. For example, we can fix the Einasto parameter α to
the relation with ν calibrated by Gao et al. (2008),
α(ν) = 0.155 + 0.0095ν2 . (5)
Furthermore, we find that fixing β = 4 and γ = 8 in the ftrans
term provides an accurate fit if the truncation radius is related
to ν and R200m as
rt = (1.9 − 0.18ν) × R200m, (6)
so that
ftrans =
1 + ( r(1.9 − 0.18ν) × R200m
)4−2 . (7)
We find that equally good fits can be obtained by fixing rt but
varying γ with ν, setting γ = 4ν and rt = 1.495R200m. The
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Figure 11. Correlation between the median accretion rate of a halo sample,
Γ, and the best-fit truncation radius, rt, derived from fits to the median density
profile of the sample. Darker points correspond to higher-ν samples. The pro-
files of the lowest-ν bin (lightest data points, highlighted with black crosses)
deviate from the relation somewhat, which could be due to the larger scatter
in the outer profiles due to neighboring massive halos.
transition term then takes on the form
ftrans =
1 + 15
(
r
R200m
)4−ν . (8)
In either case, we vary only four parameters in a fit: the re-
maining Einasto parameters ρs and rs, and two parameters for
the outer profile, be and se. The shape of the transition re-
gion is fixed, with a mild dependence on ν and no dependence
on redshift. This modified fitting function fits the mean and
median at all peak heights, redshifts, and radii with fractional
errors of . 10% (Figure 16 in Appendix A.1).
We note that the transition term has virtually no influence
on the best-fit parameters of the Einasto part of the profile.
We have compared the concentrations obtained by fitting the
Einasto profile to the inner part of the profile only with the
concentrations derived from the full fit, and find that the dif-
ferences are negligible. Thus, one can safely fix rs using a
concentration–mass relation without influencing the fits to the
outer profiles. Likewise, modifying the dependence of α on
peak height (e.g., varying between the Gao et al. (2008) and
Duffy et al. (2008) relations) has very little influence on the
best-fit parameters for the outer profile.
We now consider samples of halos binned by their mass
accretion rate, Γ, as well as ν. The median profiles of the Γ-
selected samples show distinct features, such as shallow inner
profiles and a sharp downturn at a radius that depends on Γ
(see Figure 10). The sharpness of the turnover indicates that
β may be larger than for the ν-selected samples. Indeed, we
obtain accurate fits by fixing β = 6, γ = 4, and α according to
Equation (5). With these constraints, the fit quality is slightly
worse than for the ν-selected samples, but fractional devia-
tions for all samples are still within ≈ 15%. Most importantly,
the dependence of the radius where the profile steepens on the
accretion rate is reflected in the best-fit values for rt, which
follow a relation with Γ,
rt =
(
0.62 + 1.18 e−Γ/1.5
)
× R200m . (9)
This remarkably tight correlation is shown in Figure 11. The
corresponding relation between the mean Γ of a halo sample
and the best-fit rt to the mean profile exhibits slightly more
scatter than the median but is well fit by the same relation.
Thus, Equation (9) allows us to infer the accretion rate of a
halo sample from a fit to its density profile.
4. DISCUSSION
The inner density profiles of halos have been the focus of
a large number of studies over the past two decades. In this
paper, we investigate the outer profile using a large suite of
cosmological simulations and show that the density profile at
r ≈ 0.5 − 1R200m exhibits a strong dependence on a halo’s
mass accretion rate. In particular, the logarithmic slope of the
density profile at these radii sharply steepens, and the steepen-
ing becomes more pronounced with increasing mass accretion
rate. This dependence is not described by the analytic profiles
previously proposed in the literature, such as the NFW and
Einasto profiles. We propose a new fitting formula to describe
the outer profiles and present best-fit parameters as a function
of a halo’s peak height and mass accretion rate.
Importantly, we find that the outermost density profiles at
r & R200m are remarkably self-similar when radii are scaled by
R200m (or, more generally, by any radius around R200m that is
defined with respect to the mean density). This self-similarity
indicates that radii defined with respect to the mean density
are preferred to describe the structure and evolution of the
outer profiles. However, the inner density profiles at smaller
radii are most self-similar when radii are scaled by R200c. In
this section, we further discuss some of these findings.
4.1. The Origin of the Outer Profile Variation
As we discussed in Section 1, secondary infall models pre-
dict power-law density profiles with a slope that depends on
the slope of the initial density perturbation (Fillmore & Gol-
dreich 1984). However, the actual profile resulting from the
collapse of peaks is different. Even in the purely self-similar
case, the radial orbit instability establishes a break in the
power-law profile at a radius of ≈ 0.1rta, where rta is the
turnaround radius (Vogelsberger et al. 2011). In a realistic
collapse of triaxial density peaks, adiabatic contraction due
to the deepening of the potential during successively collaps-
ing shells further modifies the inner density profile from a
power law to an NFW-like form (Lithwick & Dalal 2011) with
a maximum outer slope of −3. Despite these differences, a
common feature of secondary infall solutions to gravitational
collapse is the presence of a sharp density jump at an outer
radius. This jump corresponds to the apocenter of the most
recently accreted particles that have passed through the peri-
center of their orbit once since their infall. The density jump
is infinitely steep in the spherical collapse case, but has a fi-
nite slope in the collapse of triaxial peaks (Lithwick & Dalal
2011). In simulations, such a caustic can be further smoothed
out by relaxation due to mergers, interactions with subha-
los, etc. Nevertheless, signatures of caustics are detected in
cosmological simulations (Diemand & Kuhlen 2008; Vogels-
berger et al. 2009).
The position of the caustic in the spherical collapse model
depends on the slope of the initial density profile, varying
from rcaustic/rta ≈ 0.15 to ≈ 0.36 when the slope of the initial
density profile varies from flat to steep (Vogelsberger et al.
2011). The Gaussian peaks in realistic cosmological initial
conditions have shallow inner slopes and steep outer slopes,
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corresponding to the fast and slow mass accretion regimes of
halos (Dalal et al. 2008). We can thus expect the radius of
the caustic in units of the turnaround radius to increase with
decreasing accretion rate.
We now predict at what radius the caustic should appear at
z = 0. The turnaround radius for halos in our simulations,
defined operationally as the outermost radius where the radial
velocity becomes zero, varies from ≈ 2R200m to ≈ 2.8R200m,
depending on the median ν of a halo sample. This estimate
gives roughly the same physical turnaround radius as shown in
Figure 2 of Busha et al. (2005) for clusters at z = 0. However,
for low-ν halos, the turnaround is not well defined because the
velocity profile joins smoothly into the Hubble flow. For ν > 1
halos, on the other hand, the turnaround radius occurs at ≈
2.8R200m for the median profile, regardless of ν (see Figure 9).
We can thus expect a caustic at ≈ 0.5−1R200m. This estimate is
consistent with the variation of the radius at which the density
profile sharply steepens for samples with different accretion
rates shown in Figure 7. This agreement strongly suggests
that the steepening of the outer density profile corresponds to
the region where particles accumulate on the first apocenter
passage after their infall onto a halo. The dependence of this
radius on the accretion rate provides motivation for the choice
of fits in which we keep the slope parameters in the truncation
term of Equation (4), β and γ, fixed but allow the truncation
radius rt to vary with peak height and mass accretion rate.
We note that a similar steepening can also be expected
for gas profiles. Indeed, simulations show that in objects
that can sustain hot halos, there are two virial shocks: one
strong shock at r ≈ 3Rvir and a second, weaker shock at
r ≈ Rvir ≈ 0.7 − 0.8R200m (Molnar et al. 2009). This inner
shock is thus expected to occur at the same radii where we
observe a steepening in the dark matter profiles. Preliminary
tests using N–body+hydrodynamics simulations of individual
galaxy clusters indicate that gas density profiles do indeed ex-
hibit such a steepening if the halo is strongly accreting (E.
Lau, private communication).
4.2. Origin and Implications of the Self-similarity of
Profiles
The relation between the steepening of the outer halo pro-
file and the caustic associated with the first orbit apocen-
ter, as discussed above, can explain the self-similarity of the
outer (r & R200m) profile shape when radii are rescaled by
R200m. The dynamics of the infall region and the density pro-
file are expected to be universal in units of the turnaround
radius, according to self-similar models. In these models, the
turnaround radius is a fixed multiple of the radius enclosing a
given fixed overdensity with respect to the mean density of the
universe. The profile can thus be expected to be self-similar
in r/R200m.
The reason for the self-similarity of the inner density pro-
file when rescaled with ρc and R200c is less clear, and needs to
be investigated further in future studies. This remarkable self-
similarity nevertheless has immediate practical implications.
First, it justifies using radii defined with respect to the critical
density in defining cluster masses and observable properties,
as is often done in galaxy cluster studies (e.g., Evrard et al.
2008). Second, it implies that halo concentrations defined us-
ing a radius tied to the critical density (e.g., c200c = R200c/rs)
should be remarkably universal at fixed ν, as confirmed by
Prada et al. (2012) and Ludlow et al. (2013a).
Finally, Figure 3 showed that scaling with R200m or R200c
absorbs large differences in the actual physical density pro-
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Figure 12. Correlation between the accretion rate of a halo, Γ, and the slope
of its density profile for a sample of about 3000 individual, massive ha-
los (Mvir > 3 × 1014 h−1M). The slope is averaged over the radial range
0.7 < r/R200m < 1. The slopes follow the same trend observed in the median
profiles in Figure 10, namely, a steepening slope around R200m with increas-
ing Γ. The majority of large accretion rates, Γ > 2, are due to recent major
mergers, but excluding such halos barely changes the median trend.
files of halos corresponding to a given ν at different redshifts.
This fact demonstrates that such radii are physically moti-
vated and useful. Abandoning them altogether, as suggested
recently by Zemp (2013) to remove the pseudo-evolution of
mass (Diemer et al. 2013b), is not warranted, expect perhaps
for the smallest mass halos at low redshifts.
4.3. Observational Signatures of Halo Mass Accretion Rate
In Section 3.2 we showed that the outer halo density profile
depends on the mass accretion rate experienced by a halo over
the past few billion years. Moreover, the profiles are sensitive
to the overall amount of accretion rather than just to major
mergers. This correlation potentially opens a new avenue for
assessing the dynamical evolution state of halos, not accessi-
ble to other commonly used indicators of halo growth, such as
structural signatures of mergers and interactions. The impor-
tant question is thus whether there are signatures of the mass
accretion rate that can be detected in observations.
First, we must assess whether the trends with Γ observed in
the median density profiles (Figure 10) hold for individual ha-
los as well. Figure 12 shows the distribution of slopes around
R200m as a function of Γ. We focus on the cluster-sized halos,
which have the best near-term prospects for measurements of
the outer density profiles via X-ray or weak-lensing observa-
tions. As with the median profiles in Figure 10, the slope
around R200m steepens with increasing Γ, but the relation is
subject to significant scatter. In order to reduce the scatter, we
plot the average slope in the radial range 0.7 < r/R200m < 1.
Averaging, however, means that the slopes are somewhat less
steep than the steepest slopes in Figure 10. Although the scat-
ter makes it unlikely that the slope of individual objects can
be used for an accurate estimate of their accretion rate, obser-
vational measurements of a steep slope (e.g., γ¯ . −4) would
be a distinct signature of a high accretion rate (Γ >∼ 1.5).
Another question is whether the steepening of the profiles
would be detectable using weak gravitational lensing, which
probes the projected mass distribution. Figure 13 shows
the projected surface density profiles of the median profiles
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Figure 13. Impact of accretion rate on the projected density profiles of halos.
We investigate the sample with 2.5 < ν < 3 as an example. Top panel: pro-
jected surface density profile of the highest-Γ bin (solid line) and an NFW fit
(dashed line). An analytical expression for the projected NFW profile (Bartel-
mann 1996) was fit at r < 0.5Rvir. The Γ > 3 profile is easily distinguishable
from the NFW fit. Bottom panel: logarithmic slopes of the projected density
profiles of four Γ bins, with the same NFW fit as in the left panel for compar-
ison. While the slopes are shallower in projection than in three dimensions,
the effect of the accretion rate is still easily discernible.
of halo samples with different accretion rates. The three-
dimensional profiles were integrated out to 10Rvir. For clarity,
only the highest-Γ bin is shown in the top panel along with
the best-fit projected NFW profile. We note that there is no
analytical expression for the projected Einasto profile (e.g.,
Retana-Montenegro et al. 2012). However, such a projected
profile will be very close to the Se´rsic profile (e.g., Lima Neto
et al. 1999), and thus an analytic projected profile, equivalent
to the density profile of Equation (4), can be constructed.
Even in projection, the profile steepening is clearly visible
at radii r > 0.5R200m. The bottom panel of Figure 13 shows
the slopes of the profile in the top panel, the NFW fit, and the
bins with a lower accretion rate for comparison. The depen-
dence of the profile shape on the mass accretion rate is clearly
discernible in the projected mass profiles.
There are several other halo properties known to correlate
with the mass accretion history of a halo. For example, con-
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centration strongly correlates with the formation epoch of ha-
los (Wechsler et al. 2002). Halos tend to accrete mass at a high
rate while they are in the fast accretion regime (Zhao et al.
2003), but their accretion slows down at an epoch that can be
identified as a halo’s formation redshift (Wechsler et al. 2002).
While a halo is in the fast accretion regime, its concentration
is approximately constant, cvir ≈ 4 (Zhao et al. 2009). During
the slow accretion regime, halos mostly pseudo-evolve and
their scale radius stays constant (Bullock et al. 2001), but the
pseudo-evolution of the virial radius leads to an increase of
concentration with time (Diemer et al. 2013b). Thus, con-
centration is an indicator of how long a halo has been in the
slow accretion regime and thus should also correlate with the
mass accretion rate (see Figure 7 of Wechsler et al. 2002). In
fact, this correlation can be inferred from the slope profiles in
Figure 7. The profiles of fast-accreting halos exhibit slopes
shallower than −2 out to large radii and thus have a larger
scale radius. All samples share roughly the same Rvir due to
the fixed mass bin, meaning that the larger scale radii translate
to smaller concentrations.
We now test whether we can invert this correlation and se-
lect halos with steep outer profiles using concentration. Fig-
ure 14 shows the same ν bin as in Figure 7, but split into
three bins in concentration (using cvir as measured by the halo
finder). The lowest concentration sample exhibits a steepen-
ing of the outer profile almost as pronounced as the highest-Γ
bin in Figure 7, whereas the highest concentration bin resem-
bles the slowly accreting halos. The trend with concentration
shown in Figure 14 is also apparent in the mass profiles in Fig-
ure 7 of Ludlow et al. (2013b). Their paper, however, focuses
on the inner regions (r < R200m) and the connection between
the shape of the inner profile and a halo’s mass accretion his-
tory (see also Wechsler et al. 2002; Zhao et al. 2003, 2009).
The steepening around R200m may lead to a slightly differ-
ent Rvir at fixed scale radius and thus slightly influence the
concentration. However, it is clear from Figures 7 and 14
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that the correlation between accretion rate and concentration
is mostly driven by the different shape of the inner profile and
the resulting differences in scale radius at fixed mass. We thus
conclude that concentration as derived from a fit to the inner
density profile provides a more or less independent estimate
of the mass accretion rate. Both low concentration and steep
outer profiles would thus be indications of the high mass ac-
cretion rate, and their combination could be used for consis-
tency checks.
5. CONCLUSIONS
We have presented a detailed study of the outer density pro-
files of ΛCDM halos and shown that they exhibit a strong de-
pendence on the recent mass accretion rate of halos, which
we operationally define as Γ = ∆ log M/∆ log a, measured be-
tween z = 0.5 and z = 0. This dependence means that the
density profiles of halos over the entire radial range out to Rvir
are not accurately described by a simple universal function,
such as the NFW or Einasto profile. Specifically, our main
conclusions are as follows:
1. The median density profiles of halos exhibit a steepen-
ing at ≈ 0.5 − 1R200m that becomes more pronounced
with increasing peak height, ν, or with increasing mass
accretion rate, Γ, at a fixed ν. The median profiles of
halo samples of different ν or Γ reach their steepest
slope at r ≈ R200m with values of the logarithmic slope
of ≈ −3 for ν . 1 or Γ . 1, and ≈ −4 for ν & 3.5
and Γ & 3. The steeper the slope at R200m, the larger
are the deviations from the NFW and Einasto profiles
at r >∼ 0.5Rvir.
2. We find that the slope profiles of the outermost den-
sity profiles of halos of a given ν at r & R200m are re-
markably similar at different redshifts, when radii are
scaled by R200m. This indicates that radii defined using
a fixed overdensity with respect to the mean density are
preferred to describe the structure and evolution of the
outer density profiles over radii defined using a variable
overdensity, such as Rvir, or radii defined with respect to
the critical density, such as R200c. At the same time, we
find that the inner density profiles are most self-similar
when radii are scaled by R200c.
3. We show that the slope of the outer halo profile at
r ≈ R200m depends primarily on Γ, and becomes steeper
with increasing mass accretion rate. This dependence
induces a corresponding trend with ν, because higher-ν
objects accrete at a higher rate, on average. In addi-
tion, higher-ν halos tend to be more isolated and their
outer profiles are less affected by the presence of mas-
sive neighbors, and thus exhibit less scatter.
4. We propose a new fitting formula (Equation (4)) to de-
scribe the outer profiles and present best-fit parameters
as a function of ν and Γ. We show that this formula pro-
vides fits with a fractional accuracy of <∼ 10 − 15% for
the median and mean profiles of all halo samples and
all redshifts we studied.
5. We show that the steepening of the outer profile can, in
principle, be observable in the outer mass surface den-
sity profiles derived using future weak-lensing analy-
ses. The steep outer profiles at r & 0.5R200m should be
accompanied by lower concentrations of the inner pro-
files at r . 0.5R200m.
Our results motivate further work to explore the observa-
tional signatures of the steepening slope of the outer profiles.
They also indicate possible avenues for improving models of
the halo–matter correlation function in the transition region
between the virialized portion of a halo’s volume and large
radii that still evolve in the linear or quasi-linear regime. We
leave the exploration of these directions for future work.
We are grateful to Matt Becker for his assistance with set-
ting up some of our simulations, his analyses using the Rock-
star halo finder, and the extraction of the density profiles. A.K.
would like to thank Alexey Vikhlinin for fruitful discussions
of the outer density profiles of galaxy clusters that prompted
this study. We would also like to thank Neal Dalal, Oleg
Gnedin, Andrew Hearin, Doug Watson and Surhud More for
useful discussions and comments. We thank Peter Behroozi
for making his Rockstar halo finder code publicly available.
Finally, we thank the referee for a detailed and construc-
tive report. This work was supported by NASA ATP grant
NNH12ZDA001N and by the Kavli Institute for Cosmologi-
cal Physics at the University of Chicago through grants NSF
PHY-0551142 and PHY-1125897 and an endowment from the
Kavli Foundation and its founder Fred Kavli. We have made
extensive use of the NASA Astrophysics Data System and
arXiv.org preprint server. The simulations used in this study
have been carried out using the midway computing cluster
supported by the University of Chicago Research Computing
Center.
APPENDIX
A. FITTING FORMULA
In this Appendix, we briefly review a number of fitting for-
mulae for halo density profiles previously proposed in the lit-
erature, and we illustrate why they fail to reproduce the steep-
ening of the outer profiles discussed in this paper. We discuss
the new fitting formula introduced in Section 3.3, quantify its
accuracy, and discuss alternative parameterizations of the out-
ermost profile.
A.1. Comparison with Previous Work
For the inner part of halo density profiles, r <∼ Rvir, the NFW
(Navarro et al. 1997) and Einasto (1965) profiles are most
commonly used. Prada et al. (2006) proposed to improve the
Einasto profile by adding the mean matter density ρm to ac-
count for the outer parts. Tavio et al. (2008) extended this
idea by using the NFW profile, ρm, and two more terms to
describe a cutoff around Rvir and the transition to ρm.
In principle, in the framework of the halo model, the outer-
most profile should be related to the 2-halo term of the halo–
matter correlation function (e.g., Smith et al. 2003; Hayashi
& White 2008), as
ρ2h(r) =
[
b(ν)ξlin(r) + 1
]
ρm (A1)
where b(ν) is the peak-height-dependent bias (e.g., Sheth &
Tormen 1999; Tinker et al. 2010). ξlin is the linear matter–
matter correlation function, which can be computed from the
linear power spectrum as
ξlin(r) =
1
2pi2
∫ ∞
0
k2P(k)
sin(kr)
kr
dk . (A2)
The mean profile is, by definition, guaranteed to approach the
2-halo term at some radius where the 1-halo term becomes
negligible.
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Figure 15. Fits to the mean profile of halos with 3 < ν < 3.5. The plot shows
only fitting functions that were designed to fit the outer halo density profile.
The Tavio et al. (2008, red dot-dashed) function captures the steepening but
does not have the freedom to shift it to the correct radius. The fit was per-
formed with four free parameters, rather than the one-parameter version also
described in their paper. The functions of Hayashi & White (2008, red solid)
and Oguri & Hamana (2011, red dashed) match the overall shape well but
rely on the 2-halo term for the outer regions, which overestimates this par-
ticular mean profile significantly. The fitting formula proposed in this paper
alleviates these issues (light blue). The fit shown here was performed with
fixed α, β = 4, γ = 8, and rt according to Equation (7) and using Equation
(A3) for the outer profile.
Hayashi & White (2008) proposed to fit density profiles
with the maximum of the 1-halo and 2-halo terms, where the
1-halo term can be represented by either the NFW or Einasto
profile. Oguri & Hamana (2011) continued in this spirit but
proposed adding the 1- and 2-halo terms rather than taking
their maximum, rendering the function differentiable, which
is desirable when computing the weak-lensing properties of a
profile. They model the 1-halo term using the profile of Baltz
et al. (2009), given by an NFW profile multiplied by a trunca-
tion term. We note that the truncation term used in Oguri &
Hamana (2011) corresponds to the transition term in Equation
(4), but with fixed values of β = 2 and γ = 4.
Figure 15 shows fits of some of the functional forms de-
scribed above to the mean density profile of halos with 3.0 <
ν < 3.5 at z = 0 (the fit results for the median profile of this
sample are similar). While the functions can fit the inner re-
gions of the density profile well, none of them have sufficient
flexibility to accurately match the shape of the outer profile.
For example, the function advocated by Tavio et al. (2008)
reaches errors of up to ≈ 35% at r ∼ 1− 2R200m. The function
of Prada et al. (2006, not plotted in Figure 15) approaches the
mean density at large radii, but ρm underestimates the true
profile dramatically. Finally, the 2-halo term as computed
from Equation (A1) describes the particular mean halo pro-
file in Figure 15 with an accuracy of only ≈ 20%. In many
cases, the 2-halo term overestimates the median profiles by
even larger margins.
All fits shown in Figure 15, as well as those shown in
the following figures, were performed over the radial range
0.1Rvir < r < 9Rvir. The fits in Figure 15 were derived by
minimizing ∆(r2ρ). If we instead minimize ∆ρ/ρ, the previ-
ously proposed fitting functions fit the outer profile slightly
better, but at the expense of accuracy in the inner regions. For
the functional profile form we propose in this study, the differ-
ence between fits with different merit functions is small, but
using ∆ρ/ρ places somewhat more emphasis on the transition
region at ∼ 1 − 3R200m, where r2ρ is smaller by an order of
magnitude compared to the inner and outer radii. As we are
particularly interested in this region, all fits except for those
shown in Figure 15 are performed by minimizing ∆ρ/ρ. We
have verified that minimizing ∆(r2ρ) does not systematically
change any of the best-fit parameters or conclusions.
With its eight free parameters, our function can fit the den-
sity profiles to better than 5% error at almost all radii, with
some deviations to about 5% around the steepest part at higher
redshift. However, in Section 3.3 we claimed that the number
of free parameters can be reduced to four without a significant
loss in fit quality. Figure 16 shows fits to the mean and median
samples of halos with various peak heights, using our fitting
function (Equation (4)) and the linear relation between ν and
rt (Equation (7)). The fits match the true profiles to better
than ≈ 10% at virtually all radii, redshifts, and peak heights.
At z = 6, we observe deviations slightly larger than 10% at
the radius of the steepest slope.
A.2. The Outer Profile and the 2-halo Term
In the fitting formula presented in Equation (4), we simply
parameterized the outer profile with a power law instead of
attempting to describe the shape of the profile with the 2-halo
term. We have experimented with fits based on this term and
found that its complexity is not warranted in general.
As demonstrated in Figure 15, the 2-halo term based on
the matter correlation function provides an inferior fit to the
density profiles at r < 9Rvir compared to our fiducial choice
of the power law. To explore this issue more generally, we
have used fits in which we parameterize the outer profile as
the 2-halo term with a power-law correction,
ρouter = ρm
[
be
(
r
5 R200m
)−se
bh(ν)ξlin(r) + 1
]
, (A3)
where we use the bias model of Tinker et al. (2010) to calcu-
late bh(ν). The results of such fits are shown in the left and
center columns of Figure 17. We note that the 2-halo term is
itself close to a power law at r < 9Rvir, meaning that the fits
do not differ greatly from the simple power law of Equation
(4).
For some applications, it might be desirable for the fit-
ting function to converge to the 2-halo term at large radii,
r >> 9Rvir. This behavior can be achieved with the following
parameterization of the outer profile:
ρouter = ρm
[
bh(ν)ξlin(r)
(
1 + be
(
r
5 R200m
)−se)
+ 1
]
. (A4)
The resulting fits are somewhat worse and exhibit fractional
deviations of up to ≈ 15%, as shown in the right column of
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Figure 16. Fits of our fitting function (Equation (4), dashed lines) to the median (left column) and mean (right column) profiles of various peak height bins at
redshifts 0, 1, 2 and 4. The center column shows the slopes of the median profiles, the slopes of the fits, and the difference between them (the slope profiles were
not used in the fit, however). Only ρs, rs, be, and se are varied, while α, β, γ, and rt are fixed according to Equation (7). The actual profiles are only shown for
z = 0. Note the larger scale of the slope difference panels in the center column.
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Figure 17. Same as Figure 16, but for different parameterizations on the outer profile. Only the fractional differences of the profiles are shown. Left column:
median, fitted with the adjusted 2-halo term (Equation (A3)) as the outer profile. The fits are slightly better than using a pure power law (compared to Figure 16).
Center column: same as the left column, but for the mean. Right column: mean, fitted with an outer profile that is forced to converge to the 2-halo term at large
radii (Equation (A4)). Particularly the lowest-ν bin at z = 0 is poorly fit by the 2-halo term as its profile diverges from this term with radius at r < 9Rvir, possibly
due to sample variance. We do not show fits of Equation (A4) to the median profiles, as the 2-halo term is not expected to be a good description of the median.
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Figure 18. Best-fit values for the excess bias and excess slope parameters,
be and se, for two different parameterizations of the outer profile. Red colors
indicate results for the median profiles, blue for the mean, with darker colors
indicating lower redshifts (z = [0, 0.5, 1, 2, 4, 6]). Left column: results for the
power-law parameterization (Equation (4)), where be signifies the normaliza-
tion of the profile in units of ρm at 5R200m. Right column: results for a fit that
is forced to converge to the 2-halo term at large radii (Equation (A4)). be < 0
means that the profile lies below the 2-halo term, and se = 0 indicates that
the convergence occurs at an infinite radius. This situation occurs when the
actual profile runs parallel to, or away from the 2-halo term.
Figure 17. Moreover, the 2-halo term can only be expected
to be an accurate description of the outer part of the mean
profiles, but not the median profiles. Indeed, we find that the
2-halo term overestimates the median profiles significantly,
and that the ratio of the mean to the median profiles varies
with radius.
These considerations have motivated our use of a simple
power-law form for the outermost density profile in our fidu-
cial fits. Figure 18 shows the best-fit values for the two param-
eters for the outer profile, be and se, from fits to halo samples
of different ν, at different redshifts, and for both the mean and
median profiles. The best-fit values show a weak variation
with ν, but a stronger variation with redshift. Overall, the vari-
ations are relatively mild though, which is particularly true for
the slope se, as can also be visually seen in Figures 5 and 7.
The best-fit values are also somewhat different for the mean
and median profiles of the samples. The strongest deviations
for low-ν samples are likely due to sample variance. Indeed,
we find that in our smallest simulation, L0063, the outermost
density profiles of halos of a given mass are systematically
higher compared to their counterparts from the L0125 box.
Figure 18 also shows be and se derived from fits using Equa-
tion (A4), i.e., forcing the outer profile to converge to the 2-
halo term at large radii. In this case, se indicates how quickly
the mean profiles approach the 2-halo term. se = 0 means that
the profile runs either parallel to the 2-halo term, or even away
from it.
Finally, we have verified that using the parameterizations
of Equation (A3) or Equation (A4) does not change the best-
fit parameters for β, γ, or rt, or the relation between rt and Γ
when fitting Γ-selected samples.
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